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Although Phytophthorafragariae Hickman (5), the agent of red strawberry. Production of an antiserum to P. fragariae and its use core or red stele in strawberry, is probably present in France, it had in the ELISA test are described. The reagents thus obtained had not caused any serious damage until 1981, when it probably was excellent specificity. They reliably and reproducibly detected the introduced on contaminated plants (14) . fungus in plants infected for 15-20 days. Red core traditionally has been a disease of the northern regions of Europe: Great Britain, The Netherlands, Germany, and Sweden MATERIALS AND METHODS (12) . The recent introduction in France and subsequent disease development prompted the establishment of sanitary nursery Plant material. Five cultivars of strawberry plants were used: procedures and control of imported plants. Reliable and rapid Red Gauntlet, Aliso, Belrubi, Gariguette, and Gorella. They were methods of detection are needed for such procedures.
derived from in vitro micropropagation and were provided by the Generally, it is quite easy to identify the disease in infected plants CTIFL (Centre Technique Interprofessionnel des Fruits et from the nursery. When plants are pulled up, root tips are missing LUgumes, Centre de Balandran, 30127 Bellegarde, France). They and principal roots have brown extremities. This is the rat tail were grown in a greenhouse in pasteurized humus. These cultivars symptom. Longitudinal root sections reveal a central cylinder of were used as inoculated and as healthy test controls, after field red brick color, sometimes extending as far as the rhizome, giving infection, as naturally infected plants. the disease its name. Microscopy of the tissues normally reveals the Fungus culture. Serum was produced against strain AE 584 of P. oospores that are responsible for fungus survival.
fragariae, isolated in Aquitaine (France). This strain, other isolates These symptoms are not sufficient for detection of all infected (Table 1) of Phytophthora sp., and other fungi frequently isolated plants. Latent infection by P. fragariae occurs, particularly in dry from the root flora of strawberries were maintained in petri dishes periods. Moreover, the oospores, which are often the best indicator on a malt agar medium (16), except P. fragariae, which was of the parasite's presence, are not always visible, maintained on a lima bean agar medium (12) and P. infestans, The causal organism is difficult to culture even on specific media which was maintained on rye seed-dextrose agar (17). (12) . Thus, a serological detection method seems best suited to Production of P. fragariae mycelium in liquid medium. P. meet the requirements of rapid detection.
fragariae was cultured in 500-ml flasks containing lima bean liquid Although still not widely used with fungi, serological techniques medium. The medium was inoculated with a dozen disks taken have been quite successful in recent years. Detection of Eutypa from the periphery of P. fragariae cultures on agar medium. After armeniacae (15) , Phytophthora cinnamomi (10), Verticillium 15 days of incubation at 22 C under 12 hr of light, the mycelium was lecanii (3), Phoma tracheiphila (13), Phoma exigua (1), etc., and collected on filter paper in a Biichner funnel, washed with distilled the taxonomy and precise identification of certain other types of water, and freeze dried. The freeze-dried mycelium was ground, Phytophthora (11), Fusarium (6), Verticillium (19) , and and the resulting powder was stored over calcium chloride. Armillariella (9) genera are examples of the use of serological Preparation of the antigenic suspension. by dialysis against 20% polyethylene glycol 20,000. This moistened with 100 ml of the lima bean liquid medium for trials no. concentrated fraction was diluted in phosphate-buffered saline 1 and 2 (the inoculum substrate was applied in proportion of 1:3 by (PBS). The protein content was determined by the technique of pot) and in naturally infested soil for trial no. 3. One hundred-fifty Lowry (8) , and the solution was stored at -20 C. Protein solutions plants per variety were used, 75 infected plants and 75 healthy prepared in this manner were used as immunogens or as antigens.
controls distributed with 15 plants per pot. Immunization technique. A rabbit was immunized by Strawberry plants were grown in a growth chamber at 10 C with intradermal injection (about 5-10 dorsal punctures) with 0.8 ml of 12 hr of light and received daily sprinkling for maximum a solution containing 2.5 mg of protein per each of three injections moistness. over 15 days, and then three monthly boosters. The first injection
From the eighth day after inoculation (D8), lots of six plants included an equal volume of Freund's complete adjuvant with were sampled every other day. They were carefully cleaned, and the subsequent injections in incomplete adjuvant. Blood was sampled state of the root system was observed both visually and under the weekly, and antibody titer was evaluated by agar double diffusion microscope. Roots were cut in small fragments for two-thirds of (0.8% agarose in veronal buffer, pH 8.6 [LKB] ) and by indirect their length starting from the distal end. Root fragments from ELISA tests. The IgGs for direct double antibody sandwich (DAS) inoculated and healthy plants were subdivided in three parts: 1) ELISA were isolated by affinity chromatography on a protein A surface sterilized and placed on a selective agar medium to isolate Sepharose column. the fungus; 2) surface sterilized and put in a calcium nitrate Preparation of samples. Three types of samples were analyzed solution (1 g/ L) to induce sporulation in petri dishes at 10 C; 3) with the ELISA test. Sample A: solutions of P. fragariae-soluble rinsed, weighed, and ground in PBS for analysis by ELISA. Serum proteins (0.1 /Ag/ml); sample B: supernatant from centrifuged specificity was evaluated by testing against several isolates of P. mycelium culture extracts prepared by grinding 100-mg disks of fragariae, several isolates of Phytophthora sp., and other fungi young mycelium culture in agar medium per milliliter of PBS frequently isolated from the root flora of strawberry ( Table 1 ). buffer; sample C: infected strawberry extracts obtained by Enzyme-linked immunosorbent assays. Two techniques were grinding and centrifuging 1 g of the root extremities of healthy or used: DAS-ELISA described by Clark and Adams (4) and an infected strawberry plants in 10 ml of PBS buffer. Supernatant of indirect technique (7). Antigen extracts for the indirect technique these samples were diluted 1 / 10 with carbonate buffer for indirect were diluted in a carbonate buffer, pH 9.6, and introduced in plates ELISA, and with PBS-Tween-PVP for DAS-ELISA.
(250 IAL per well). After a 4-hr incubation at 37 C and three 5-min Three trials were performed on inoculated plants: trial no. I in washings in PBS-Tween, the IgG was added at a concentration of 3 October 1985, no. 2 in February 1986, and no. 3 in September 1986. ltg/ ml of PBS-Tween-PVP buffer, then incubated overnight in the Healthy strawberry plants were planted in a greenhouse in the refrigerator. After washing, conjugate composed of goat antifollowing conditions: in steam pasteurized humus to which was rabbit immunoglobulin coupled with alkaline phosphatase added a culture of P. fragariae on a bran-vermiculite substrate (Nordic), diluted at 1/4,000, was added to plates and incubated for Table 1 ). The described above and diluted in PBS-Tween-PVP buffer were serum to AE 584 was very specific with regard to P. fragariae. In added and incubated overnight at 4 C. Conjugate, prepared by the 30 strains of P. cactorum tested, only three strains isolated from coupling P.fragariae specific IgG with alkaline phosphatase in the strawberry reacted positively. This reaction does not constitute a presence of glutaraldehyde (2), was used at a 1 / 4,000 dilution and 4 handicap in the search for P.fragariae in strawberry roots, since P. hr at 37 C incubation. The substrate, paranitrophenyl phosphate, cactorum is a parasite of the rhizome and not of the roots of at a concentration of 1 mg/ml in diethanolamine, was incubated 2 strawberry. hr at room temperature, the absorbance was measured with an Among other fungi evaluated, reactions were negative except for automatic Titertek Multiskan MCC reader at 405 nm.
four Pythiacae isolates: a strain of P. citrophthora isolated from Seville orange, a strain of P. palmivora isolated from Hevea, and a RESULTS strain of P. syringae isolated from apple. These species are not generally described as direct parasites of the strawberry. Pythium Serum characteristics and in vitro detection of P. fragariae. middletonii, which is less frequently isolated from strawberry than Antiserum titer was 1/64 by double diffusion in agarose, and other Pythium sp., is normally isolated in association with P. 1 / 512,000 with indirect ELISA with an antigen consisting of 0.1 ttg fragariae. of P. fragariae protein extract per milliliter.
Application of DAS-ELISA in the early detection of P. Comparison between the DAS and indirect techniques revealed fragariae in artificially infected strawberry roots. Results of no significant difference in sensitivity (Fig. 1) . Antibodies obtained analysis are shown in Figure 2 . Infection by P. fragariae was with strain AE 584 of P.fragariae were tested against 11 strains of detectable by DAS-ELISA in all three trials and in all varieties. In P. fragariae from different sources: S46 from A. Bolay all cases, the first positive reactions were detectable about 15 days (Switzerland); SZ 168, 169, 171, 172, 173, and 293 from after inoculation. In trials I and 2, the first positive reactions were Montgomerie (Scotland); and AE 385, 584, and 984 from our minimal, and their values increased progressively with time. In trial collection. Reactions were obtained with all these strains.
3, some values obtained during the first sampling were well above Absorbance values with undiluted antigenic extracts (0.1 g of the threshold. These results in the five varieties may be explained mycelium in 1 ml of PBS buffer) obtained with the sample B by the difference in inoculation for trial 3, which consisted of extraction procedure (Materials and Methods) ranged from 0.326 infested soil in which the level of inoculum could not be measured. to 0.861.
This apparently led to rapid invasion of the plants by the pathogen. Comparison of ELISA techniques for detecting P. fragariae in Afterwards, these values began to fall, and after 25 days were strawberry. The two immunoenzymatic methods enabled the similar to those observed in trials I and 2. No consistent differences identification of P.fragariae both in pure culture and from roots 2 among the five varieties could be established. Overall absorbance mo after inoculation ( Table 2 ). The indirect ELISA method was values with Gariguette and Aliso were the highest, slightly less specific for detecting P.fragariae in roots; a positive reaction exceeding those obtained with Belrubi, Gorella, and Red Gauntlet. also occurred with healthy roots. For this reason, DAS-ELISA The other detection methods (Table 3) confirm that infection was used in later trials. The A405nm value considered as the positivity was the most rapid in trial 3. Indeed, the observation of symptoms threshold for the reactions was obtained by adding the mean value on Belrubi and Aliso, the development of sporangia, and the for eight healthy controls to 3.5 times the value of the standard observation of oospores in Gorella were possible from day 12 to deviation of the healthy controls.
day 17 only in trial 3. In general, there was good correlation in time between ELISA results and the oospore and sporulation tests. With only rare exceptions, symptoms were not visible before the period between days 28 and 37, i.e., about 2 wk after the first positive results given by ELISA. Apart from the successful attempt with Red Gauntlet at day 11 in trials 2 and 3 (data not shown), the 2.0 fungus could not be isolated on agar medium. Preliminary applications of DAS-ELISA to field indexing. Nine batches consisting of 10-27 strawberry plants collected from nurseries were tested by ELISA and the sporulation test (in calcium nitrate). Each plant was inspected and tested individually; 1." DAS-ELISA was carried out with extracts prepared according the sample C extraction procedure. Results are presented in Table 4 .
0From symptom observation, only one batch out of nine appeared to be infected and one showed dubious symptoms. The sporulation test detected P.fragariae in five batches, while ELISA was positive threshold between positive and negative reactions. fragariae could be detected between days 15 and 25 after inoculation. The characteristic root symptoms (red stele) generally appear only after 1 mo of infection. Our results supported the positive by ELISA varied from 10to 100; even if some absorbance preliminary data briefly reported by Werres and Casper (20), values (405 nm) appeared to be rather low, the very low level of especially in terms of precocity of detection compared to nonspecific reaction (0.051-0.085) allowed easy differentiation of microscopic observations. In addition, we provided more the positive reactions. information on the specificity of the antiserum and the reliability of the test.
DISCUSSION
The practicality and difficulty of isolating P. fragariae on a specific agar medium was confirmed. Isolation is only possible The antibodies obtained with a strain of P.fragariae enabled the soon after infection, as already reported (12) . Progression of detection in pure culture of 11 different strains of this pathogen.
infection leads to the formation of oospores, which are responsible Detection of the fungus in pure cultures was comparable to DASfor the survival of the fungus in the infected roots, at which time the ELISA and indirect ELISA. The two methods showed comparable fungus can no longer be isolated.
sensitivities with extracts from infected roots, but DAS-ELISA The reliability of ELISA was shown by the reproductibility of was more specific. The absence of nonspecific cross-reactions with the results in the three trials carried out with P. fragariae
